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228 (5) that glomerular filtration rate (GFR) in newborn mammals is low for the size of the body and for the size of the kidney (3, 7, 14, 19, 20, 23, 26) . In the human infant GFR related to body surface approaches adult values between the 1st and 2nd yr of life (4). For several reasons the factors governing the development of the GFR cannot be distinguished if the combined effect of all functioning glomeruli-that is, the total GFRis determined.
The functional development of nephrons at various cortical depths cannot be assumed to be homogeneous (6, 23) . The GFR in the single nephron (SNGFR) therefore might not be a constant function of total GFR during the developmental period. In addition a reference for comparing the GFR in animals of various ages is lacking. The number of glomeruli per unit kidney weight wi11 fall during the earliest period of postnatal development (5, 13, 17) . Th us, if the GFR in the developing kidney is related to weight (there is a parallel development of kidney weight and body weight) the GFR will be related to an inconstant number of nephrons. For this purpose, studies on the development of the filtration rate in the single nephron are needed.
In the present report the development of SNGFR in superficial nephrons accessible for micropuncture has been studied in 17-to 60-day-old rats. Rats are born with relatively immature kidneys and the state of anatomical development of the 4-wk-o1d rat (5, 17) corresponds to that of the newborn human infant (18, 2 1). In the adult rat the glomerular plasma flow has been shown to be of primary importance for the control of GFR (8) blood Aow studies were made. In case of both determinations the blood flow studies with the microsphere injection always followed immediately after the micropuncture study. The time for the experimental recordings never exceeded 75 min. All rats, even those in which only blood flow determinations were made, were prepared as for micropuncture studies, that is, the left kidney was placed in a Lucite cup. The rats were prepared for micropuncture by the left flank approach.
The kidney was exposed with a subcostal incision, The remaining tissues were covered with gauze wet with normal saline. The kidney was gently dissected free from the perirenal fat, the adrenal gland, and the connecting tissue without stretching the renal pedide.
A small part of the renal capsule was removed in all rats. This was necessary in the very young rats (those below 25 passed the puncture site, the fluid colIection was initiated by a slight manual suction with a syringe connected by a rubber tube to the holder of the micropipette. Thereafter no suction was applied.
Only those samples were used where the oil block remained in a fixed position during the sampling. Thus spontaneous fluid collection, i.e., the optimal condition for determinations of the filtration rate in single neph rons (22) was used for each determination. Tubular fluid was co1 lected at exactly timed intervals varying from 60 to 200 s. As a rule three to five collections were made in each animal. In the middle and also generally toward the end of the micropuncture studies a 30-to 50-~1 arterial blood sample was obtained from the femoral artery for inulin determinations.
Analytical pracedures. The tubular fluid sample in the micropipette was blown into a cup containing silicon, 500 cSt. The diameter of the spheric samples so obtained was measured and the volume of the sample could be calculated days of age) in order to visualize the tubular segments.
(12). The concentration of inulin was determined spectroThe kidney was then placed in a Lucite cup. The dimenphotometrically by the method of Vurek and Pelgram (25) . sions of the cups used varied from 13 mm in inner length For this purpose the sample was then aspirated into a conand 6*5 mm in height to 20 mm in inner length and 11.8 striction-volume pipette containing the anthrone reagent. mm in height depending on the size of the rat. The space between the kidney and the cup wall was filled with cotton. The kidney was continuously perfused with prewarmed with a tip diameter varying from 5 microspheres were given in approximately 0.3-ml suspento 7 pm depending on the size of the animal. The glass sion (10 % dextran) through the carotid catheter. Imcapillaries were filled with Sudan-stained ricin oil. As a mediately before injection the suspension was kept in an rule only early proximal segments were punctured. In ultrasonic mixer (Branson Sonic Power Company) for 30 previous pilot studies it was observed that in rats younger s. During the microsphere injection and 5 s afterward blood than 17 days the superficial proximal tubular segments were inconstan tly patent. Micropuncture with spontaneous was drawn from the femoral artery at a constant rate of O-3 ml/min with an infusion-withdrawal pump (B. Braun, fluid collection of those segments that were patent was exMelsungen AG). There was no significant change in heart tremely difficult.
In 17-day-old rats practically all superrate or blood pressure recorded immediately after the inficial proximal segments were patent. In rats younger than jection. The rats were then given about 1 ml of India ink 30 days the epithelial lining of the proximal tubular segthrough the carotid catheter for marking the glomeruli. ments usually was rather thin. The site of the puncture was At the end of this injection a mortal dose of KC1 was given. generally identified by following the passage of an injected The kidneys were then excised, weighed, and sliced for small oil drop. Thereafter, an oil drop 6-8 times the tubular radionuclide and glomeruli counting. From each kidney two or three slices about 1 mm thick were sectioned in the sagittal plane. Along their fully cortical circumference three equal broad pieces were cut out with a sharp thin knife under a dissecting microscope.
In the first part of the study, when half the animals of representative ages were studied, most attention was paid to blood flow measurements in the superficial cortica1 part and therefore only one or two pieces from the other two cortical levels were cut out. During the latter part of the study, however, when all glomeruli counting was also performed, all three cortical layers were sliced in equal number.
These 
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The flow at the place where the microspheres were injected was calculated similarly from the total radioactivity given to the animal (Q). This flow (CO) can be regarded as the cardiac output minus the coronary flow (in ml/min) :
The manipulations performed on the micropunctured kidney did not seem to influence its hemodynamicsThis is illustrated in Fig. 3 , where the renal blood flow (RBF) of the left kidney, i.e., the kidney placed in the cup and in some cases micropunctured, is compared to the RBF of the right, untouched kidney. The relationship does not deviate from unity at any level of RBF. Thus, even in the very youngest rats, the technical. procedures leave the kidney intact.
The cortical profile of glomerular density is illustrated in Fig. 4 . The highest glomerular density is consistently found in the outer cortex. In all cortical layers the glomerular density falls between 17 and 30 days of life. Thereafter there is only a small change in glomerular density. The development of single-nephron gIomeruIar filtration rate is illustrated in Fig. 5, A dication that the SNGFR will reach a plateau in older rats. When SNGFR is related to kidney weight ( Fig. 5B ) a sharp increase is observed only between 17 and 30 days of life. Table  1 gives the detailed protocols from those rats where both SNGFR and GPR have been determined. The splay of results in SNGFR determination was representative for all rats studied and was apparently independent of age. This implies that all superficial nephrons function fairly homogeneously during the phase of development studied, i.e., from 17 to 60 days of age.
The age development of GPR in the outer, middle, and inner cortex is illustrated in Fig. 6 . The developmental pattern is the same in all cortical layers. Note, however, that GPR appears to be higher in the outer than in the inner cortex, especially in the very young animals. Between 17 and 30 days of life there is a fairly slow increase in GPR. Between 30 and 60 days of life the increase in GPR is sharper, The development of GPR closely resembles that of SNGFR.
The development of total renal blood Aow (Fig. 7~4 ) also demonstrates a fairly slow rise in rats between 17 and 30 days of age and a steeper rise in rats older than 30 days. The RBF related to kidney weight (Fig. 7B) follows the same pattern as SNGFR related to kidney weight.
In 17-to 35-day-old rats there is an apparently linear increase.
In rats older than 35 days the rise in RBF related to kidney weight is much less pronounced. The RBF in relationship to cardiac output (Fig. 8 ) also increases continuously with age. In ZO-to 25-day-old rats the fraction of cardiac output perfusing both kidneys ranges between 1.4 and 3 %. In 50-to 60-day-old rats the fraction is still increasing and ranges between 11.3 and 15.8%.
The close resemblance of the development of SNGFR and GPR suggests that the relationship between those two parameters is constant during this phase of development. This is confirmed in Fig. 9 , which shows the quotient between SNGFR and GPR in superficial nephrons found in those rats subjected both to micropuncture and renal blood flow determinations. Figure 9 also includes the hematocrit and blood pressure values recorded in all rats. The arterial hematocrit is still low in the 17-to IS-day-old rats, but appears to have reached a fairly constant level in Z-day-old rats. The arterial blood pressure continues to increase unti1 the rats are around 30 days of age.
DISCUSSION
The renal function at birth varies in different mammal species. In previous studies from this laboratory the development of renal function has been evaluated in the lamb (1). In this species filtration occurs in the majority of superficial nephrons immediately after birth and in all superficial nephrons at the age of 3 days (2). In the present study it was found that patent superfici al tubular segments were rare in rats younger than 17 days. Anatomical studies have demonstrated that the rat kidney is at birth than in most other mammals more immature including man. Neogenesis of nephrons continues until the 4th wk of life (5, 17), whereas in man it ends during the 36th fetal week, i.e., 4 wk before term (18, 2 1) . Thus when the renal functional development in various species is compared, more regard should be paid to the the kid ney than to age. anatomi cal developmen t of All renal hemodynamic parameters appeared to increase with age in 17-to 6O-day-old rats. In accordance with previous findings in piglets the renal fraction of cardiac output increased linearly during this time (11). Thus the increase in renal hemodynamics could not be the effect of changes in the systemic circulation.
The specific increase in renal blood flow must be due to vasodilatation and/or increased vascular volume.
From the present results it is not possible to determine to which extent each of those two factors might have contributed to the increase in renal blood flow.
The development of GPR in 17-to 60-day-old rats closely resembled the development of GPR in 3-to 80-day-old lambs (l), The outer cortical GPR in 40-to 6O-day-old rats (i.e., rats ranging between 175 and 325 g body wt) ranged between 180 and 300 nl/min. This is in fairly good accordance with the mean superficial GPR of 130 & 90 nl/min found by Kallskog et al. (15) in ZOO-to 300-g rats. In rats as well as in lambs the relation between superficial nephron GPR and juxtamedullary nephron GPR seems to decrease with age, and thus no redistribution of blood flow to the outer cortex occurs during this phase of development .
The development of the superficial SNGFR has previously been determined in guinea pigs 2 h to 28 days old (23) 
